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Abstract. In this work, a two-dimensional numerical model of heat and mass transfer for the 
convective drying process of ceramic material was developed. The governing equations of fully 
coupled non-linear partial differential was derived from the most comprehensive model with 
considering the heat, moisture and gas transport along with the influence of microscopic pore 
temperature gradient. Through validation the distribution of the measured variables and coefficients 
(diffusivity) show a good agreement with the drying stage in porous material. 
Introduction 
For a long time, most of the previous drying processes have been studied experimentally and 
theoretically on a macroscopic level. Theoretically and experimentally, the focus was on 
formulating a continuum model based on the law of mass balance, the correct flux-force, 
evaporation and also measuring the variation of moisture and temperature. Although this 
macroscopic approach has improved the knowledge of drying phenomena, it does not supply us 
with a direct relationship between macroscopic phenomena and microscopic (pore scale) 
mechanisms from the porous material. It has been proved and known that a microscopic 
temperature gradient in the fluid filled  pores across the porous body is very important in the vapour 
flow mechanism especially  under thermal gradient effect [1-4]. They have proved that the previous 
simple theory of water vapor diffusion in porous media under temperature gradients neglected the 
interaction of vapor, liquid and solid phases, and the difference between average temperature 
gradient in the air-filled pores and in the porous body as a whole. Theoretically, vapour transfer 
takes place only in the air-filled pore space, liquid movement only in the water filled pore space, 
while evaporation and condensation occur at the water-air interfaces. Therefore, temperature 
gradient influences the physics of the drying process via vapour density by modifying the transport 
in the wet regions (area with closed-packed water clusters) of the system. This evidence was 
strongly support with the work in 2D and  3D systems[5] showing the temperature gradient strongly 
influenced by the cluster evolution of the pore network. Even the scale of effect is quite small and 
normally neglected, but it will give the right answer especially in measuring the important 
diffusivity coefficient  in the drying process of porous material[2, 3]. 
Due to this fact, modelling drying of a porous body always involved complicated task either 
in formulating theoretically (either in macro-scale or in micro-scale) or measuring of its highly non-
linear variables. By following, Whitaker’s [1] approach, in which the coupled effect of moisture and 
temperature gradient are incorporated into the form of a simplified diffusivity coefficients, this 
enable treating each flow individually and properly relating them to the material physical properties 
(such as permeability, saturation). Since these material property phenomena are very important in 
determining the measured variables and diffusivity, some of these material properties are well 
documented in the hygrothermal field [6,7], such as drying of brick and this, was consideried in this 
work. Moreover this formulation gives a clear incorporation of material properties (which can 
measured directly through experimentation), and which have been intensively implemented  in 
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solving  hygrothermal problem [7-9]. The objectives of the present study is to analyze the 
microscopic pore temperature gradient via the vapour diffusivity coefficient during the drying of a 
nonhygroscopic material. 
 
Governing Equations and Numerical Method 
In this formulation, the liquid phase is considered to be water containing the dissolved vapour and 
air, whilst, the gas phase is considered to be a binary mixture of vapour and dry air. During the 
drying of a porous medium, the following transport phenomena will take place; diffusive transport 
of vapour and air, capillarity driven transport of liquid(water), gas transport and also heat transport. 
Based on the above analysis, the governing equations of the model are expressed in terms of the 
chosen state variables; gas pressure,Pg, pore water pressure,Pl and temperature,T.  
 
Water velocity in its liquid state can be easily derived from Darcy’s law with incorporating the 
Whereas, the vapour flux in Eq. (1) is defined as; 
where Datm is the molecular diffusivity of water vapour through dry air, calculated by the following 
semi-empirical relationship[10]. The use of an expression for the mass-flow factor has been 
proposed by Partington[11]. By simplifying of the above equation according to the  measured 
variables gives ; 
 
The contribution to vapour transport by diffusive flow is dealt with in this study and was derived  
by Philip and de Vries[1], which included the microscopic pore temperature gradient by  
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Ewen and Thomas[3] and  Kanno et al[4]. Alternatively, the governing  partial differential 
equations  for liquid and vapour  transfer in Eq. (1)  can be simplified regarding liquid and vapour 
diffusivity coefficient as can be seen in these papers[1, 12, 13 ]. In this work, the diffusivity for 
liquid transport under thermal gradient effect does not appear and is assumed to be small[12]( is 
about three orders of magnitude less than (Dml) and normally this is neglected in many drying 
process[10, 14-15].  By applying a mass balance to the flow of dry air within the pores of the 
ceramic body dictates that the time derivative of the dry air content is equal to the spatial derivative  
of the dry air flux.  
The energy equation employed considers the effect of conduction, latent heat and convection and is 
given below; 
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where {Φ}= {Pw,T,Pg} is the column of unknowns;[C],[Kcx]and [Kcy]  are 3x3 matrices. Each 
element of the matrix, is a coefficient for the unknown {φ}; ix and iy are the unit direction vectors. 
This simplified second order non-linear coupled partial differential equation, is then discretised 
using the FE method. By minimising the residual error using the Galerkin method, followed by the 
application of Greens theorem to the dispersive term involving second order derivatives, this 
simplified combined equation set can be expressed in the following form. 
The transient matrix and nonlinear second order differential equations above were then solved by 
using a fully implicit backward time stepping scheme along with a Picard iterative method to 
account for non-linearity. 
                
Material Data for Ceramic Body 
In this work the ceramic body was considered to have the same properties as a nonhygroscopic 
brick. Due to the low temperature and the slow drying process the drying process was considered 
the bound-moisture flux effects are negligible [16]. The physical properties data of ceramic porous 
material and transport parameters are given in Table 1. 
 
 
 
 
 
 
Discussion 
Testing of the model for verification was performed for a nonhygroscopic material within a one-
dimensional framework with validation against the work by Stanish et. al[10] showed a good 
agreement with the drying stages of brick material [17]. Continuation of this work by including the 
pore temperature gradient as mentioned above and shown in Eq.(3) is explained in the next 
paragraph. 
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Fig. 1: Vapour diffusivity coefficients against saturation. 
 
As mentioned earlier the pore temperature gradient was introduced to account for the microscopic 
effects of heat flow paths being shared between sections of solid and fluid paths, which gives rise to 
microscopic temperature gradients in the fluid filled pores much higher than macroscopic gradients 
across the sample as a whole[3,4,11]. Based on this argument the vapour diffusivity coefficients 
were measured against drying saturation and temperature. The plot of vapour diffusivity without 
pore temperature gradient showed a small increment compared to the vapour diffusivity with 
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Table 1: Physical  properties of ceramic body and transport parameters. 
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including pore temperature gradient as shown in Fig.1. The same condition also is shown in the case 
of vapour diffusivity versus temperature. Both plots of thermal vapour diffusivity (with and without 
pore temperature gradient effect)  at different temperature and saturation as presented in Fig. 1 and 
Fig. 2 showed that these curves follow the same trend of temperature changing during the drying 
process. As described earlier, there is a clear drying stage which divided the moisture movement 
either for the free liquid movement governed by capillarity action at the beginning process or 
vapour diffusion action in the later stage of process. Regarding to these conditions, the contribution 
of thermal vapour diffusivity is highly influenced in the area of the falling rate period where its 
increases drastically. However due to the fact that the contribution of the thermal vapour change 
involved is at the microscopic scale, therefore it is quite impossible to reflect these changes within 
the big scale of temperature and saturation plots in the drying stage.  
 
 
Fig. 2: Vapour diffusivity coefficients against drying temperature. 
 
 
Conclusions 
This work  dealt  with  the  modeling of  the coupled heat and mass transfer processes prevalent in 
the drying ceramic porous material(non-hygroscopic). The governing equations employed are based 
on a mechanistic approach along with the well defined material transport properties. This approach 
and combination showed the appropriateness of the measured variables, transport properties and 
also heat and mass transport diffusivity coefficients with the drying stage in a nonhygroscopic 
material. The predictions of the model compares well with the standard experimental  drying data 
available in the  literature.  
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Notations: 
T = Temperature, C  
P = pressure, Pa 
v = velocity, ms
-1
 
ρ = density, kg/m3 
S = saturation 
φ = porosity 
K = intrinsic permeability (m
2
) 
C = heat capacity, J/(mol K)  
ε = volumetric 
χ = thermal conductivity, (W/mK) 
Dv = vapour diffusivity coefficient, (m
2
s
-1
) 
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